high iron-dominated minerals, was slightly acidic, and rich in chemolithoautotrophic iron-and sulfur-oxidizing bacteria, dominated by Gallionella spp. Río Sucio is thus a natural acid-rock drainage system whose metal-containing components are derived primarily from microbial activities.
Introduction
Acid-rock drainage (ARD) ecosystems based on acidic, heavily metal-polluted water streams originating in both natural (volcanic) and anthropogenically impacted (mines) sulfidic geological formations occurs worldwide (Fernández-Remolar 2003; Johnson and Hallberg 2005) . ARD environments are characterized by the presence of large concentrations of metal-sulfide deposits (Johnson 1998; Baker and Banfield 2003) , where chemical and Abstract Whether the extreme conditions of acidity and heavy metal pollution of streams and rivers originating in pyritic formations are caused primarily by mining activities or by natural activities of metal-oxidizing microbes living within the geological formations is a subject of considerable controversy. Most microbiological studies of such waters have so far focused on acid mine drainage sites, which are heavily human-impacted environments, so it has been problematic to eliminate the human factor in the question of the origin of the key metal compounds. We have studied the physico-chemistry and microbiology of the Río Sucio in the Braulio Carrillo National Park of Costa Rica, 22 km from its volcanic rock origin. Neither the remote origin, nor the length of the river to the sampling site, have experienced human activity and are thus pristine. The river water had a characteristic brownish-yellow color due to Communicated by M. da Costa.
Electronic supplementary material
The online version of this article (doi:10.1007/s00792-016-0898-7) contains supplementary material, which is available to authorized users. microbiological oxidation produce waters with low pH, hydrated iron(III) oxides and sulfate, often in substantial quantities (Sánchez-Andrea et al. 2011) .
Examples of studied ARD environments generated by human activity include the Summitville Mine (Colorado, USA) (Farrand 1997) , Iron Mountain Mine (California, USA) (Edwards et al. 1999 ) and others (Bruneel et al. 2006; Fabisch et al. 2013; Jones et al. 2015) . However, only a few studies have focused on natural ARD environments, such as the Pastoruri Glacier area in Huascarán National Park (Perú) (González-Toril et al. 2015) and specific sites in the Antarctic landmass (Dold et al. 2013) . One of the most extensively studied ARD environments is the Río Tinto system that originates in the Iberian Pyritic Belt (IPB) of Spain (González-Toril et al. 2003; López-Archilla et al. 2004; García-Moyano et al. 2012; Sánchez-Andrea et al. 2012) . Because the IPB has been extensively mined for more than 4500 years, there is controversy about the causes of the extreme acidity and heavy metal pollution of the river, with some authorities claiming that they are due to human activity (Olías and Nieto 2015) and others arguing that they basically result from natural activities within the IPB (Fernández-Remolar 2003; Amils et al. 2014 ). Due to the extensive anthropogenic impacts in most ARD systems that have been studied, with the consequent changes in geology and hydrology, it is difficult to separate natural from engineered causes of pollution. It is, therefore, critical to study ARD systems with no history of anthropogenic influence.
Costa Rica has four mountain ranges, which are, from NW to SE, Guanacaste, Tilarán, Central Volcanic and Talamanca, with most volcanoes in the Guanacaste and Central volcanic ranges (Castellón et al. 2013 ). The Braulio Carrillo National Park, having an area of 47,000 ha, is located in the latter range. A brownish-yellow river known as Río Sucio (Dirty River) flows through the heart of the park's cloud and rain forests (Fig. 1a, b) . This river has its source at the cliff of an unstable landslide produced by the Río Sucio fault just northwest of the Irazú volcano (Fig. 1b) . Río Sucio is thus accepted to have a volcanic origin: i.e, the river conditions are not due to anthropogenic activity (Dr. Rolando Mora, personal communication). To date, due to the highly inaccessible terrain and danger of major landslides, it has been impractical to access the exact point at which the river begins. The first safe and accessible sampling point is roughly 22 km from its source (Fig. 1b) , just before it joins the Hondura River. From its source, the river maintains its peculiar color all the way to the sampling point and along its entire course large amounts of brownish-yellow materials have precipitated on the banks of the river (Fig. 1c-f) . In this work, we investigated for the first time the physico-chemical and microbiological characteristics of Río Sucio. Results indicate that Río Sucio is a natural acid-rock drainage environment, the chemical composition of which is biologically driven by iron and sulfur oxidizing bacteria.
Materials and methods

Sampling and field measurements
All necessary permits for sampling water were obtained from the National System of Conservation Areas (SINAC) of the Ministry of Environment and Energy (MINAE) of Costa Rica (Resolution VS-052). On 24 February 2014, samples of water were collected 22 km from the source of Río Sucio (Fig. 1b) , just before it joins the Hondura River (10.147299, −83.947448). We sampled the river in the middle of Costa Rica's dry season to minimize the effect of runoff water. The temperature in the field was measured with a partial immersion thermometer; pH was measured with a pH meter (Scholar 425 pH meter, Corning, Inc., Corning, NY) in the laboratory. Water samples for chemical analysis were collected in clean glass bottles, chilled on ice, and stored at 4 °C until analysis. Samples for analysis of microbial communities were collected in clean and sterile glass bottles, chilled on ice, stored at 4 °C and processed within less than 24 h.
Chemical analysis
The water samples were analyzed for major anionic and cationic species with an ion-exchange chromatograph (IC) and an inductively coupled-plasma mass spectrometer (ICP-MS). Samples were filtered with polycarbonate membrane filters (0.45 µm) before analysis. The anions were determined with an ion chromatograph (MIC-II, Metrohm Co., Switzerland) equipped with an anionic exchange resin (Metrosep A Supp 5-100/4.0). Operating conditions were a mobile phase at 33 °C, Na 2 CO 3 (3.2 mM)/NaHCO 3 (1.0 mM) and flow rate of 0.7 mL/min. The anions were identified and quantified relative to certified commercial solution standards (Certipur ® Anion multi-element standard I, II, Merck, Germany). For ICP-MS analysis (Agilent 7500 instrument, Agilent Technologies, Tokyo, Japan), the optimized operating conditions are listed in Table S1 . A certified multi-element stock solution (Perkin-Elmer Pure Plus standard, product number 9300233) was used to prepare standard solutions. All determinations were performed in triplicates.
Scanning electron microscope and electron-dispersive spectrometer (SEM-EDS) experiments
SEM-EDS experiments were performed on the suspended material recovered by filtration of Río Sucio waters. The brownish-yellow solid was dried in the laboratory at 23 °C, recovered with a spatula and analyzed with a scanning electron microscope with energy-dispersive X-ray spectra (Hitachi S-570, Japan).
X-ray difraction (XRD) analysis
Powder X-ray diffraction patterns were recorded with a D8 Advance diffractometer (Bruker AXS, Madison, USA, LynxEye detector) with Cu radiation (λ = 0.154 nm) from 2θ 15º to 80º and step size 0.018º. Identification was made with ICDD PDF-2 2007 Database (ICDD 2007).
Total DNA isolation, construction of 16S rRNA gene libraries and Illumina sequencing
Three water samples (1L each) taken at different points along the river width were filtered through a vacuum filtration system under sterile conditions using a membrane filter (pore size 0.22 μm; Millipore, GV CAT No GVWP04700). To prevent rupture, another filter membrane (pore size 0.45 μm; Phenex, Nylon Part No AF0-0504) was placed below. The upper filter was collected and stored at −80 °C until processing. The DNA was extracted from aseptically cut pieces of the filter with a PowerSoil ® DNA Isolation . For the construction of microbial 16S rRNA amplicon libraries, the V5-V6 hypervariable regions were PCR-amplified with universal primers 807F and 1050R (Bohorquez et al. 2012) . The barcoding of the DNA amplicons and the addition of Illumina adaptors were conducted by PCR as described previously (Camarinha-Silva et al. 2014; Burbach et al. 2016 ). The PCR-generated amplicon libraries were subjected to 250 nt paired-end sequencing on an Illumina MiSeq platform (Illumina, San Diego, CA, USA).
Bioinformatic and phylogenetic analysis of 16S rDNA amplicon data
Raw MiSeq sequences were quality-filtered (moira.py script; Puente-Sánchez et al. 2016) . Filtered sequences were subsequently analyzed (mothur version 1.31.2; Schloss et al. 2009 ), as recommended by Kozich et al. (2013) . Briefly, the sequences were aligned to a combination of silva.archaea and silva.bacteria databases (Quast et al. 2013) , screened for chimeras (UCHIME; Edgar et al. 2011 ) and clustered at 97% similarity with the averageneighbor algorithm. The most abundant taxa (i.e, OTUs with relative abundance >0.05% of the total reads sampled) were retrieved and classified against the Ribosomal Database Project (RDP) reference using the Classify tool (version 4.3.3; Wang et al. 2007 ). The results from this initial classification were individually checked and curated manually using the RDP Seqmatch tool. Computational resources were provided by the Data Intensive Academic Grid (http://diagcomputing.org) and by the MINP group at Helmholtz-HZI.
For phylogenetic analysis, the closest 16S rRNA sequences from validly described microbial type strains and isolates were retrieved using the RDP SeqMatch tool and also by blastn against the curated 16S rRNA database of NCBI. In the case of representative 16S rRNA sequences of candidate division OD1 (Parcubacteria), the sequences from the closest uncultured organisms were used. The downloaded sequences and the Río Sucio OTU representatives were subsequently aligned with the SINA web-based tool (Pruesse et al. 2012) . These alignments enabled phylogenetic reconstruction with MEGA6 software (Tamura et al. 2013 ) and the maximum-likelihood method based on the general time-reversible model. In total, 100 bootstrap replications were calculated to ensure the robustness of the results.
Results and discussion
Physicochemical analysis of Río Sucio waters
The pH of the Río Sucio samples was ca. 5.0 (Table 1) . However, as the sample point is located 22 km from the source of Río Sucio, the Irazú volcano, it is likely that considerable mixing with non-acidic tributaries occurred, with resulting dilution and rising of the pH from that at the river source. According to topographic scale maps (1:50,000), the river flows 3 km along the bottom of a landslide produced by the Río Sucio fault, before it meets the first of seven major tributaries that dilute its deep-yellow water ( Fig. 1b ; Montero et al. 1998 ). The inaccessible and too dangerous terrain makes the collection of samples in areas nearer the source of the Río Sucio impracticable. At the sampling point, brownish-yellow suspended matter was observed, which constantly adheres to the river bed and rocks (Fig. 1e) . This sedimented material eventually turned reddish upon drying (Fig. 1f) . In the laboratory, water samples held at 23 °C also showed complete precipitation within 24 h (Fig. 2a-c) .
The chemical analysis of filtered samples (Table 1 ) revealed the presence of sulfate, calcium, magnesium, aluminum and iron at concentrations much greater than of typical freshwater rivers; the sulfate level was particularly high at ~0.5 g/L, which is characteristic of ARD environments. Heavy metals like arsenic, chromium, cadmium, zinc, copper, nickel and lead were detected at minute concentrations. The solid material from the water column ( Fig. 2c ) was further characterized with SEM-EDS and XRD (Figs. 3 and S1A ). The SEM micrographs (Fig. 3a,  b) showed that the sediment consists of lumps of mainly amorphous material of nanometer size. The EDS spectrum (Fig. 3c ) of the particulate material demonstrates the presence of oxygen (51.1%), iron (32.6%), silicon (5.3%), sulfur (4.9%) and aluminum (3.0%) as the principal elemental components. The EDS analysis suggests that the sediment is formed almost completely of iron oxides with aluminosilicates at only a few percent by mass. The XRD pattern of the solid material (Fig. S1A) pointed to the presence of quartz and clays but the amorphous iron oxides, which are the main constituents of the sample, produced only broad diffraction signals. As the solid material was weakly attracted to a strong rare-earth magnet, we applied this property to isolate the iron-oxide particles. Taping the magnet to the side of a bottle with suspended matter allowed us to pipette out a small amount of adhered particles after sedimentation was complete and thus eventually to collect (Fig. S2) . Yellow iron oxides that contain sulfate are formed when precipitation occurs in a sulfuric acid medium, as in the recently characterized iron-oxyhydroxysulfate Schwertmannite (Fernández-Martínez et al. 2010 ). If chloride is present in the acidic medium, Akaganeite forms. The XRD pattern of our sample (Fig. S1B) is identical to that of Schwertmannite and also of sulfate-substituted Akaganeite (Bakoyannakis et al. 2003) . In summary, the physico-chemical data are consistent with the composition of an ARD environment where the high sulfate concentrations, presence of iron minerals and acidity most likely originate from the oxidation of sulfidic compounds.
Analysis of microbial communities thriving in Río Sucio ecosystem
In total 64 phylotypes were obtained and grouped into nine phyla from both bacterial and archaeal domains ( Fig. 4a ; Supplementary Table S2 ). The largest number of sequence reads (~89.39%) was assigned to the phylum Proteobacteria, in particular to class Betaproteobacteria (~ 80.16%). Members of the Gamma-(~7.78%), Alpha-(~0.49%) Delta-(~0.08%) and Epsilon-(~0.08%) proteobacteria were found to lesser extents. The remaining bacterial phyla identified correspond to Nitrospirae, Actinobacteria, Parcubacteria (OD1), Bacteroidetes, Spirochaetes, Elusimicrobia and Firmicutes, which accounted, respectively, for ~5.54, ~1.58, ~1.45, ~0.23, ~0.17, ~0.09 and ~0.08% of the sequence reads.
Further analysis of the microbial composition of Río Sucio showed a community dominated by microorganisms commonly found in ARD environments like iron-, sulfur-, sulfide-and thiosulfate-oxidizing bacteria (Figs. 4, 5 ). As shown in Fig. 4b , the betaproteobacterial families Gallionellaceae and "Ferrovaceae" were particularly abundant in Río Sucio. Moreover, a single Gallionella phylotype (OTU RS001) comprised 43.89% of total 16S rRNA gene reads, this organism being by far the most abundant in the river. Members of family Gallionellaceae has been found in a variety of different habitats including freshwater ecosystems at neutral pH (Haaijer et al. 2008 ) and ARD-related ecosystems such as mine tailings (Bruneel et al. 2006; He et al. 2007 ), plants to treat mine water (Heinzel et al. 2009 ) and acidic subterranean waters (Kimura et al. 2011) . Specifically, the taxonomic breadth of OTU RS001 indicates that it is closely affiliated to Gallionella sp. JA52 (Fig. 5) . This bacterium was isolated from a mine water treatment plant for the biological oxidation of iron(II), in which members from the genera 'Ferrovum' and Gallionella were highly represented (Heinzel et al. 2009; Tischler et al. 2013) . In accordance with the results from this mine water treatment plant and from other ARD environments (Kimura et al. 2011; Fabisch et al. 2013; Tischler et al. 2013 ; Jones et al. , several 'Ferrovum myxofaciens'-like members were also highly abundant in Río Sucio (32.6% of total reads). Both 'F. myxofaciens' and members of genus Gallionella are autotrophic iron oxidizers, which catalyze the oxidation of iron(II). This oxidation might result in the precipitation of Fe 3+ in minerals such as iron(III) oxyhydroxides and oxyhydroxysulfates (e.g., Schwertmannite) (Bigham et al. 1990; Straub et al. 2000; Hedrich et al. 2011) . In addition to these two highly represented genera, we identified the presence of other microorganisms closely related to acidophilic, iron-oxidizing bacteria such as Acidithiobacillus spp. and Leptospirillum spp. (representing ~6 and 5.54% of total reads, respectively). Other bacteria related to common iron oxidizers in ARD environments from the genera Acidiferrobacter (A. thiooxydans) or Ferritrophicum (F. radicicola) were detected in smaller amounts. Besides bacteria associated with iron transformations, many microorganisms involved in sulfur metabolism were identified. The lithotrophic bacterium Gallionella ferruginea is also capable of utilizing reduced sulfur compounds (sulfide and thiosulfate) as electron donors and energy sources (Lütters-Czekalla 1990) . The high abundance of the Gallionella OTU RS001 described above indicates that sulfur metabolism is also important for the bioenergetics of the Río Sucio microbial community. Another organism related with sulfur metabolism found in Río Sucio waters was Acidithiobacillus ferrooxidans. This chemolithotrophic bacterium is also capable of oxidizing sulfide to sulfate, coupling this reaction to iron(III) (under anoxic conditions) or oxygen reduction (under oxic conditions) (Suzuki et al. 1990; Pronk et al. 1992) . Thus, part of iron(III) could be reduced, coupled to the oxidation of S 2− under anoxic conditions by A. ferrooxidans, or coupled to the oxidation of organic matter by heterotrophic acidophiles such as Acidiphilium spp. (e.g., A. multivorum, A. rubrum) or Acidocella spp. (Fig. 5 ; Supplementary Table S2 ). These results suggest that both Gallionella spp. and A. ferrooxidans are key bacteria in the Río Sucio ecosystem as they participate in both iron and sulfur metabolism.
According to Bohorquez et al. (2012) , the primers used for the amplification of V5-V6 regions of 16S rRNA gene could theoretically amplify >97% of Archaeal reads from the RDP database. We found only five archaeal representatives that belong to phylum Euryarcheota (order Thermoplasmatales), representing 1.12% of the total microbial community (Supplementary Table S2 ); a similar pattern is found in other ARD systems, such as in the sediments of the extremely acidic Río Tinto (Sánchez-Andrea et al. 2011) . We were unable to examine further the classification of this archaeal OTUs as their DNA sequences are not related to known cultured specimens.
Conclusions
This work corresponds to the first report where the physicochemical and microbiological composition of Río Sucio is described. The geographic location of this river suggests that it corresponds to a natural ARD system, which results from hydrothermal springs along the cliff of the Río Sucio fault (Dr. Rolando Mora, personal communication). Our data are consistent with the chemistry of the river being largely created and maintained by microorganisms, i.e, the extreme conditions of its waters are biologically driven. Río Sucio is one of few ARD environments in which conditions are due solely to natural processes, unlike most ARD environments around the world that have been influenced by human activity, in particular mining.
